Activation of the T-cell limb of the adaptive immune system depends on signals generated upon interaction of clonally distributed T-cell receptors with their specific antigens. For most T cells, the target antigen takes the form of short peptides bound to cell-surface major histocompatibility complex (MHC) molecules -class I MHC molecules in the case of CD8 (killer) T cells, and class II MHC molecules in the case of CD4 (helper) T cells. For this cellular recognition system to be useful to the organism, it must possess sufficient diversity to see almost any peptide captured from a pathogen by the host's MHC molecules. Because the bound peptides are intimately associated with the MHC molecule, and each individual possesses only a few allelic forms of these highly polymorphic proteins, it would also be useful for the T-cell receptor repertoire to be biased so that it is especially efficient in sensing peptides bound to the particular forms of MHC molecules expressed on the cells of that individual.
How can this be accomplished? Functional T-cell receptor recognition units are created by somatic rearrangements of gene segments that lie on different chromosomes from the MHC genes, so that the two components of this ligandreceptor system are not coinherited in a predictable manner. This prevents genetic preprogramming of the Tcell repertoire for optimal function with a given allelic form of MHC molecule -the somatically generated pool of T-cell receptor genes must be all things to all individuals. Yet at the same time, filling up the peripheral immune system with T cells with receptors that are unlikely to be able to respond to foreign peptides presented by the host's MHC molecules would simply diminish the efficiency of the system.
A further problem arises from the way the repertoire is generated anew in a diverse form in each individual -to avoid destructive autoimmune reactions, some mechanism is needed for proofreading the repertoire and eliminating strong reactivity against self-peptides bound to self-MHC molecules. Finally, receptor gene segments unable to form receptors capable of binding to peptide-MHC complexes would be useless to the organism, and would be expected to be lost or become pseudogenes over evolutionary time. This implies that the germline-encoded T-cell receptor structures are likely to have some level of intrinsic anti-MHC specificity. But this means there is also the potential for generating a significant frequency of developing T cells with reactivity to self-MHC molecules independent of their peptide partner.
To a large extent, the immune system has solved the two problems of optimizing the useful anti-foreign repertoire and constraining the harmful anti-self repertoire through a dual selection process acting on maturing T cells in the thymus. For T cells to differentiate beyond a defined precursor stage requires a signal of just the right quality generated by T-cell receptor engagement of self-MHC molecules. No signal or an inadequate signal dooms the cells to death by neglect. Just the right signal and the T cell is 'positively selected' to develop into a functional mature T cell. Too effective a signal and the T cell is 'negatively selected' to undergo programmed cell death, eliminating the potentially harmful, strongly self-reactive clone. The evidence for these two selective processes raises the apparent paradox of how the same set of MHC molecules can deliver both positive and negative selection signals to yield a repertoire depleted of harmful self-reactive T cells, yet still possessing T cells with receptors biased to recognize self-MHC molecules. Intimately tied to this question is the issue of the relative roles of the MHC structure and the bound peptide in the two selection events [1] .
The existing models that attempt to deal with this question lie at polar extremes. Some investigators [2] have suggested that very specific peptide recognition is critical for selection, and gone so far as to suggest that a self-peptide that partially mimics the structure of a foreign peptide is key to the development of the repertoire of T cells able to respond to that foreign antigen. Conversely, others [3] have suggested that the major role of the peptide is to assist in stable MHC molecule expression, and that selection is favored to the greatest extent by those bland peptides whose recognition can be avoided by the T cell -that is, that selection involves to the greatest possible extent pure MHC molecule recognition.
Until recently, all available data dealing experimentally with the role of peptides and peptide-specific recognition in thymic selection involved the generation of CD8 T cells. This is because it has been possible to manipulate the amount and nature of peptide-class I MHC complexes available to precursor thymocytes using foetal thymuses from mice deficient in either the 'TAP' transporter that provides peptides for assembly with newly synthesized class I molecules, or ␤2-microglobulin, a structural component of class I molecules.
Two seemingly incompatible sets of data were generated using these systems. If the thymuses were from mice that could potentially produce a broad, unbiased T-cell receptor repertoire, individual peptides could induce positive selection of nearly 20% the number of cells seen in normal thymuses, although pools of diverse peptides were clearly better than any single peptide [4, 5] . This suggested that an individual peptide-MHC complex can select a very large number of T-cell receptors -that is, that selection was not necessarily highly peptide specific, though it was clearly peptide dependent. On the other hand, when the thymuses were from mice not only TAP-or ␤2-microglobulin-deficient but also transgenic for a particular T-cell receptor, even very small changes in the structure of the peptide affected selection, suggesting that the selection process involves a great deal of peptide specificity, in addition to specificity for the structure of the MHC molecule itself [2] . This issue has now been examined for CD4 T cells, with results reported in four recent papers [6] [7] [8] [9] . Three different groups [6] [7] [8] have described the phenotype of mice with a targeted mutation in one of the two genes encoding subunits of the heterodimeric mouse 'DM' molecule. DM is an MHC class II-like molecule which plays a crucial role in the assembly of peptide-class II complexes. Class II molecules initially assemble as trimers consisting of ␣ and ␤ MHC subunits and an 'invariant' chain that helps guide the complex towards the endosomal system. In endosomes, DM catalyzes exchange of antigenic peptides for a fragment of invariant chain, termed 'CLIP', that occupies the class II molecule's peptide-binding groove. In the absence of DM, therefore, most surface-expressed class II molecules present CLIP rather than an antigenic peptide.
In DM-deficient mice, thymic stromal cells express class II molecules with a normal surface density, but these class II molecules exhibit an extremely limited diversity of bound peptides. Surprisingly, these mice have as many as 25-50 % of the normal number of mature CD4 cells, implying that a very low peptide diversity is enough to select a large number of thymocytes. These observations are at least superficially consistent with the view that recognition of MHC molecules themselves -rather than of individual peptide-MHC complexes -plays a substantial role in positive thymic selection. Nevertheless, because the density of class II molecules expressed by thymic stromal cells of DM-deficient mice is normal, but only about a quarter to a half the normal number of CD4 T cells develop, peptide diversity clearly also contributes to selection.
The fourth group [9] used a different model system: they generated mice that lack normal MHC class II and invariant chain (Ii) expression, but express a transgene encoding a single, covalently-associated peptide-MHC ligand. In these IA b EpIi -mice, a single MHC/peptide (IA b /Ep) combination allows the positive selection of a large number of CD4 thymocytes (about 20 % of the number in wild-type mice). One cannot tell if it is the diminished peptide diversity or the low surface level of MHC class II expression that accounts for the 80 % reduction in the number of CD4 T cells that are positively selected in these mice. Nevertheless, it is again quite surprising to observe that a single peptide-MHC ligand is able to select 20 % of the normal number of mature CD4 T cells. If, in these newly described mutant mice, all the CD4 T cells are strictly selected on the basis of one peptide-MHC combination, does this mean that two peptides would allow the generation of 40 % of the CD4 mature pool, and five peptides would give a complete repertoire?
A possible answer to this question, as well as insight into the various roles played by peptides bound to MHC molecules in both positive and negative selection, comes from two types of observation reported in these new papers. Firstly, mature CD4 cells from IA b EpIi -or DM-deficient mice do not respond to their own antigen-presenting cells, which is consistent with normal self-tolerance. Strikingly, however, they react strongly to self-MHC class II molecules of wild-type mice of the same strain. Secondly, to assess the heterogeneity of T-cell receptors on CD4 cells selected in both systems, the authors have compared their repertoire of ␤-chain variable (V␤) segments. In both cases, CD4 cells of mutant mice were found to express diverse V␤ segments, but a comparison of the results from the several studies reveals a very intriguing pattern. In comparison to wild-type mice, CD4 T cells in both types of mutant mouse preferentially use V␤4, V␤5 and especially V␤14, whereas their use of V␤2 is decreased (Fig. 1) .
The subsets of CD4 T cells that are positively selected without deletion in IA b EpIi -and DM-deficient mice thus have similar frequencies, altered reactivities to 'self'-MHC molecules produced in wild-type mice, and altered V␤ repertoires. It thus seems that the CD4 T cells selected on CLIP-A b and E␣-A b , two very different peptide-MHC combinations, are nearly identical, suggesting that they have been selected primarily on the basis of recognition of the MHC class II molecules themselves, rather than specific recognition of the peptide portion of the ligands. This conclusion is also supported by previous studies showing preferential selection of V␤14-bearing T cells into the CD4 lineage in H-2 b mice, suggesting that this T-cell receptor segment has an intrinsic ability to recognize the A b MHC molecule itself [10] .
Why are these cells present in these mutant mice and not in wild-type mice -which do not show such self-reactivityand what does this say about the role of peptides in normal T-cell selection? In one simple model (Fig. 2) , the T-cell receptors of the CD4 cells selected in the mutant mice bind to A b class II molecules with just the right efficacy to stimulate differentiation but not deletion, without the peptide making a significant contribution to the interaction.
In the thymus of a wild-type mouse, thymocytes bearing such receptors will encounter antigen-presenting cells expressing class II molecules loaded with a great diversity of self-peptides, and they are likely to bind some peptide-MHC combinations more effectively than they do the MHC molecule itself, leading to negative selection. Thus, these cells would be largely absent among the mature T-cell repertoire of wild-type mice, but form the bulk of the selected cells in the mutant animals. This would account for the strong reactivity of CD4 T cells from the mutant mice against wild-type antigen-presenting cells expressing these high efficacy ligands. Conversely, cells bearing receptors unable to interact with the class II molecule itself well enough to be rescued from death by neglect in the mutant mice would be likely to find among the diverse peptide-MHC complexes in wildtype mice a suitable ligand to promote their differentiation without deletion.
The reduced selection of CD4 T cells in mutant mice therefore implies that specific peptides play an important role in the generation of most CD4 T cells. We can answer our question about whether the 20-30 % efficiency of selection by each of two different peptides implies that four to five peptides would do the whole job with a firm "No!", because the 20 % seems to be the same subset in both mutant mice -those cells that can be selected in a peptide-independent manner under unusual circumstances. This would seem to be true also of the earlier studies on CD8 T cells: single peptides can select a significant cohort of cells from a diverse repertoire by augmenting class I expression and allowing MHC-biased T-cell receptors to support differentiation.
This model is consistent with observations on two other mouse strains with mutations affecting MHC class II expression and peptide loading [11, 12] . CIITA is a critical transactivator of MHC class II, and to a lesser degree of Ii and DM, gene expression. In CIITA -mice, therefore, MHC class II molecule expression is severely decreased, but the diversity of peptides bound to class II molecules is still high -the opposite of DM -mice. From the arguments we have just presented, one would expect, in CIITA -mice, cells able to react with MHC molecules alone, but with an affinity that is increased by peptide, to be less effectively positively selected because of the lower overall class II levels, but still strongly negatively selected by the diverse peptide repertoire present on the remaining molecules. This is exactly what has been observed, as the V␤14 frequency among CD4 T cells is severely decreased in CIITA -mice [11] (Fig. 3) . Finally, in Ii -mice, both MHC class II molecule expression levels and peptide diversity are diminished; the concomitant loss of both overall class II expression and peptide diversity results in a balance of effects leaving V␤14 frequencies close to normal [12] .
Taken together, the data from these various model systems strongly support the view that, although T cells can be positively selected by recognition of MHC molecules without a substantial contribution of peptide, under normal circumstances most of these cells are not apparent because they are deleted in the thymus following exposure to the same MHC molecule bound to diverse self-peptides. Such cells, as revealed by analysis of IA b EpIi -and DM -mice, provide evidence for a bias in at least certain germline T-cell receptor segments for generic (if allele limited) MHC recognition (Fig. 2) . The new data also provide strong support for the view, put forward initially on the basis of studies of the role of peptides in the selection of CD8 T cells, that the politically correct notion of the value of diversity in educational settings applies to T-cell development as well.
